Cisplatin and some of its derivatives have been shown to be very successful anticancer agents. Their main mode of action has been proposed to be via covalent binding to DNA. However, one of the limitations of these drugs is their poor activity against some tumours due to intrinsic or acquired resistance. Therefore, there is interest in developing complexes with different binding modes and mode of action. Herein we present a novel platinum(II)-terpyridine complex (1) which interacts non-covalently with DNA and induces cell death via a different mechanism than cisplatin. The interaction of this complex with DNA was studied by UV/Vis spectroscopic titrations, fluorescent indicator displacement (FID) assays and circular dichroism (CD) titrations. In addition, computational docking studies were carried out with the aim of establishing the complex's binding mode. These experimental and computational studies showed the complex to have an affinity constant for DNA of B10 4 M À1 , a theoretical free energy of binding of À10.83 kcal mol À1 and selectivity for the minor groove of DNA.
Introduction
Platinum complexes have received great attention as anticancer agents, [1] [2] [3] [4] [5] [6] largely due to the clinical success of cisplatin and its derivatives (such as oxaliplatin, nedaplatin, lobaplatin and carboplatin). 7 These clinically approved platinum based agents interact with DNA by forming intra-and inter-stranded crosslinks (covalent Pt-DNA bonds). [8] [9] [10] [11] [12] [13] These modifications structurally kink DNA and inhibit transcription (by stalling polymerase), resulting in controlled cell death. 11, 14, 15 The main limitation of these drugs is their poor activity against some tumors due to intrinsic or acquired resistance. 16, 17 Therefore new platinum drugs are needed that build on the mechanisms associated to clinically approved platinum drugs but bypass their inherent resistance.
As an alternative, many platinum complexes bearing p-conjugated heterocyclic ligands have been developed and their anti-cancer properties investigated. [18] [19] [20] [21] The planar aromatic ligand allows these complexes to intercalate between base pairs. The first structural evidence of this binding mode was reported almost 40 years ago by Lippard et al. 22 In this seminal paper, a platinum(II)-terpyridine complex was shown to intercalate noncovalently between adjacent DNA base pairs, resulting in the unwinding of the DNA. Similar complexes with leaving groups were shown to bind covalently, favourably targeting the N7 position on guanosine bases (like cisplatin). [23] [24] [25] [26] [27] [28] In recent years, vast libraries of platinum(II)-terpyridine compounds have been prepared (with modifications to the terpyridine ligand and various groups attached to the platinum center) and tested as potential anti-cancer agents. 29 Many of these complexes have shown great promise; for example a report by McFadyen and co-workers showed a series of platinum(II)-terpyridine complexes with electron rich/deficient thiol ligands (attached directly to platinum) to be active against the L1210 murine leukemia cell line. 30 Interestingly, a follow up study found the parent [Pt(terpy)Cl] + species, with a labile chloro substituent to be relatively ineffective (IC 50 = 450 mM), implying that platination is not a determinant of cytotoxicity. 31 Other variations to groups attached to platinum (using picoline, thioalkylcarboranes, glycosylated acetylides) have resulted in higher water solubility and potency against cisplatin-and doxorubicinresistant cell lines (human ovarian carcinoma). [31] [32] [33] [34] [35] [36] [37] The majority of platinum(II)-terpyridine systems that have been reported to date (and shown anti-cancer activity), bind to DNA via intercalation or coordination. However some platinum(II)-terpyridines can bind via other non-intercalative modes. Indeed platinum(II)-terpyridine thiol and acetylide compounds have been shown to bind via electrostatic and hydrophobic interactions. 38 Furthermore, the addition of sterically demanding groups such as t-butyl on the terpyridine ligand has yielded highly active anti-cancer agents that interact with the DNA grooves. 34 When designing potential anti-cancer agents, non-intercalative platinum(II)-terpyridine complexes are largely overlooked in favor of metallo-intercalators. Given the success of groove binders such as Tallimustine 39, 40 and Brostallicin 41, 42 (both have undergone clinical trials) in cancer therapy, it is surprising that very few groove binding platinum(II)-terpyridine complexes have been reported. With the aim of exploring the ability of new metal complexes as DNA groove binders, we have prepared a platinum(II)-terpyridine complex (1) bearing two piperidine substituents at positions 2 and 2 0 (see Scheme 1). The substituents were placed in these positions with the aim of hindering direct coordination to the platinum(II) centre and to potentially favour groove and phosphate binding (aided by the piperidine groups which at physiological pH are protonated). Besides its synthesis and full characterization, herein we also report the DNA binding properties of 1 (including docking studies to rationalize the interactions) as well as its behaviour in cells. We have carried out a series of experiments aimed at dissecting its cytotoxic mechanism of action.
Results and discussion

Synthesis and characterization
The new terpyridine ligand was prepared by reacting 6,6 00 -dibromo-2,2 0 :6 0 2 00 -terpyridine with two equivalents of 1-(2-hydroxyethyl)piperidine in DMSO under strong basic conditions (powdered KOH) at 85 1C for 24 h (see Scheme 1). The product was extracted into dichloromethane, washed several times with water and isolated after solvent removal. The resultant off-white solid was fully characterized by 1 H and 13 C NMR spectroscopy, mass spectrometry and elemental analysis. The attachment of the side arms was clearly illustrated by the downfield shift of the carbon signal corresponding to the site of substitution (from 157 ppm for 6,6 00 -dibromo-2,2 0 :6 0 2 00terpyridine to 163 ppm for L 1 ). The ESI(+) mass spectrum showed a signal corresponding to the expected molecular ion, confirming the formation of the desired product.
The new platinum(II)-terpyridine complex 1 was prepared by stirring L 1 with K 2 PtCl 4 in DMSO overnight. The product was isolated pure as the PF 6 À salt after anion exchange. The platinum(II)terpyridine complex 1 was fully characterized by 1 H NMR spectroscopy (which showed characteristic shifts of some of the aromatic signals upon coordination to platinum), UV/Vis spectroscopy, ESI(+) mass spectrometry and elemental analysis. Before studying the interaction between 1 and DNA, the stability of the complex was investigated using UV-Vis and 1 H NMR spectroscopies. The absorption spectrum for 1 (50 mM in Tris-HCl 10 mM/KCl 100 mM with and without cell lysate, 3.4 mg of protein) was recorded over 24 h (see Fig. S3 and S4, ESI †). The MLCT band was examined for any signs of platinum dissociation/reactivity. Over this period of time no significant changes were detected. Therefore the complex was deemed to be stable under the conditions used for the DNA binding and cellular assays. To probe the thermal stability of 1, its 1 H NMR spectrum (80 mM in DMSO-d 6 ) was recorded between 25-110 1C (see Fig. S2 , ESI †). Over this temperature range the complex was found to be stable (displaying the expected chemical shifts and splitting patterns throughout).
DNA binding studies
UV-Vis spectroscopic titrations were carried out to determine the binding affinity and binding mode of 1 to DNA. Upon addition of aliquots of Calf Thymus DNA (ct-DNA), in the mM range, to a solution of 1 of known concentration (20 mM), the absorption band corresponding to the metal perturbed intra-ligand pp* transition (300-320 nm) was observed to decrease (see Fig. S5 , ESI †). From the absorbance, the concentration of bound and unbound metal complex was calculated and extrapolated to determine the binding constant. This was done by fitting the data to a reciprocal plot of D/De ap versus D using the following equation: D/De ap = D/De + 1/(De Â K), details are provided in the Experimental section. The intrinsic binding affinity was found to be 6.10 AE 0.94 Â 10 4 M À1 . Notably this value is 1 to 2 orders of magnitude lower than those reported for platinum(II)-terpyridine intercalators, suggesting a nonintercalative binding interaction between 1 and ct-DNA. [43] [44] [45] The addition of ct-DNA to 1 resulted in hypochromicity (14%), no red shifts and sharp isosbestic points. These features are characteristic of compounds that interact with DNA via groove binding. 46, 47 The complex can be envisaged to engage bases in the grooves by p-p interactions (through the planar terpyridine moiety) and, at the same time, form hydrogen bonding and/or electrostatic interactions with the negatively charged phosphate backbone (via the piperidine side arms).
In order to investigate the binding mode further, fluorescent indicator displacement (FID) studies were carried out with two different dyes: a DNA intercalator, thiazole orange (TO) and a DNA minor groove binder, Hoechst 33258. [48] [49] [50] [51] Comparison of the DC 50 values (the concentration required to displace 50% of the respective dyes from duplex DNA) obtained from the different dyes gives an insight into the binding mode (see Table S1 and Fig. S6 , ESI †). The results clearly showed that Hoechst was preferentially displaced over TO (over 3-fold selectivity). Therefore 1 can be proposed to preferentially bind via the DNA grooves.
To gain further insight into the binding mode between this complex and DNA, circular dichroism studies were carried out. CD spectra of ct-DNA treated with 1 (1 : DNA ratio of 0.5 or 1) showed no change in profile relative to the untreated control (only changes in the intensities of the bands related to helicity and base stacking; see Fig. S7 , ESI †). These spectral changes are comparable to those reported for other metal containing groove binders. [52] [53] [54] Computational docking studies were carried out to gain theoretical insight into the interaction between 1 and DNA. Thus the optimised structure of the metal complex (see ESI † for further details) was docked with a B-DNA structure (taken from the protein data bank; 1BNA) using Autodock. 55 The docked model suggests that 1 interacts with the minor groove of DNA (see Fig. 1 ). The almost planar structure of the complex fits into the minor groove of the DNA in a parallel manner with respect to the DNA backbone. The two alkane chains of the complex remain out of the groove, pointing to DNA's backbone.
The positively charged piperidines and the negatively charged phosphate groups from the backbone are linked by a hydrogen bond (2.10 Å). The estimated free energy of this binding was computed to be À10.83 kcal mol À1 . Therefore the UV-Vis, FID, CD and computational docking data collectively suggest that 1 is a DNA groove binder.
The bio-physical studies described thus far were all carried out within an incubation time of complex 1 and DNA of 2 h. Therefore further studies were carried out to determine whether the complex was able to coordinate to DNA over a longer period of time. Coordination was probed spectrophotometrically using the established selective precipitation of ct-DNA method which detected covalent binding of a given compound to DNA. [56] [57] [58] A solution of ct-DNA was incubated with 1 at a bp : metal complex ratio of 5 : 1 at 37 1C; in a separate solution complex 2 (see Fig. 2 ) 59 was incubated with DNA (bp : metal complex ratio of 5 : 1 and 37 1C) and used as a positive control (i.e. 2 is able to platinate DNA).
At specific time intervals, aliquots were taken from these solutions and the DNA within the sample precipitated. The amount of unbound metal complex was determined using UV-Vis spectroscopy. The change in the absorbance of the supernatant was then plotted against time to determine the covalent binding ability. The amount of 1 in the supernatant remained constant throughout (while this was seen to decrease for the positive control, i.e. compound 2), suggesting that 1 was unable to bind covalently to DNA (see Fig. S8 , ESI †). Agarose gel electrophoresis studies with supercoiled pUC19 plasmid DNA treated with different concentrations of 1 (at 37 1C for 24 h) also gave no detectable coordination (or nicking) to DNA (see Fig. S9 , ESI †). The ability of complex 1 to coordinate to DNA bases was further probed by 1 H NMR spectroscopic studies. Incubating 1 with guanosine over a 24 h produced no changes to the 1 H NMR spectrum (see Fig. S10 , ESI †), indicating that the platinum(II) does not coordinate to guanosine. Overall, the bio-physical and computational data are consistent with 1 binding to the minor groove of DNA in a non-covalent manner.
Cellular studies
The anti-proliferative properties of 1 were assessed using the MTS assay (using the CellTiter 96 s AQueous Assay from Promega). Data for cisplatin under the same conditions are also reported for comparison. Four cell lines were initially tested: U2OS (human osteosarcoma), HEK 293T (human embryonic kidney), GM05757 (normal human fibroblast) and SH-SY5Y (neuroblastoma). The IC 50 values were derived from dose-response curves and are summarised in Table 1 . It should be noted that the IC 50 values reported in Table 1 are for a 24 h incubation period -and therefore they might seem relatively high as compared to values previously reported for cisplatin for longer incubation times. Complex 1 was found to have a promising toxicity profile, with high potency toward the cancerous U2OS and SH-SY5Y cell lines (comparable to cisplatin in this 24 h incubation period) and reduced toxicity toward the normal GM05757 cell line (4-fold difference between the U2OS and GM05757 cell lines).
Further toxicity studies with proliferating and non-proliferating NIH 3T3 mouse fibroblast cells (see Fig. S12 and S13, ESI, † for flow cytometry profile of the cells) showed that the complex was able to selectively induce cell death in proliferating but not quiescent cells (see Table 2 ). This is undoubtedly an attractive characteristic in terms of cancer therapy.
In order to rationalise the varying degrees of toxicities across the different cell lines and to relate the results to genomic DNA interactions, further cell based studies were undertaken. Cellular uptake studies were performed to determine cell permeability and localization of 1. To do this, U2OS, HEK 293T, GM05757, SH-SY5Y and NIH 3T3 (for the latter, both proliferating and quiescent) cells were incubated for 24 h at 37 1C with a sub-lethal concentration (10 mM) of 1 and the platinum content determined for whole cell, nucleus and cytoplasm fractions using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Cellular platinum levels are expressed as ng platinum per mg protein and the results reported as a mean of four or five determinations for each data point (summarised in Fig. 3) .
These studies showed that complex 1 was taken up well by all of the cell lines, except NIH 3T3 under non-proliferating conditions. The inability of 1 to penetrate the latter type of cell under starved conditions explains its lack of toxicity (IC 50 >500 mM) under these conditions. The highest cellular uptake was observed for the cancerous U2OS and SH-SY5Y cell lines (15-18% of the administered complex at 10 mM enters the cell) and lowest for the normal human GM05757 cell line (in terms of the whole cell, the platinum content was found to be around 5-fold lower in this case). These variations in uptake may explain the differences in toxicities reported for the respective cell lines. Importantly, in all cases, 1 was found to enter the nucleus, giving access to genomic DNA. Therefore cellular toxicity could result from mechanisms related to genomic DNA damage. However it should be noted that a significant portion of the complex was also found in the cytoplasm, this could be due to off target interactions with traditional Pt-drug scavengers found in the cytoplasm 61 like metallothionein or glutathione.
To establish whether 1 was able to induce DNA damage, immunoblotting analysis was carried out to monitor changes in the expression levels of biomarkers of the DNA damage response pathway (the phosphorylated forms of histone H2AX (gH2AX) and Chk2 protein kinase, both of which increase due to activation of the apical kinases ATM and ATR). [62] [63] [64] [65] [66] Therefore U2OS cells were treated with 1 (10-60 mM) for 24 h at 37 1C and collected for immunoblotting analysis (see Fig. 4 ). After treatment with 60 mM of 1, a visible increase in gH2AX and phosphorylated Chk2 (with total Chk2 remaining constant) was observed (see Fig. 4 ). Therefore the increase in gH2AX and phosphorylated Chk2 expression indicates that 1 was able to induce DNA damage in cells. DNA damage can lead to a wide range of cellular responses; the p53 protein (which regulates cell cycle progression and induces apoptosis) 67,68 plays a fundamental role in coordinating cellular response to DNA damage. [69] [70] [71] Therefore it was of interest to monitor the expression of p53 and its downstream effector, p21, upon treatment with 1. Addition of 1 resulted in a dose dependent increase in p53 and p21 levels, suggesting that these downstream regulators play a part in the cellular response. In addition, treatment with 60 mM of 1 led to loss of cyclin D1, a pro-proliferative cyclin involved in G1 phase progression. [72] [73] [74] Loss of cyclin D1 is another characteristic response to DNA damage. [75] [76] [77] [78] To assess the effects of 1 on cell cycle distribution we performed DNA-flow cytometric studies. U2OS cells were treated with 1 (10 mM) for 24 h and then their cell cycle distribution compared to untreated cells (see Fig. 5 ). Upon addition of 1, cells were observed to undergo G1 phase arrest (+18.3 AE 1.5% increase in G1 relative to the untreated cells). Having established that 1 is able to damage DNA and induce G1 arrest, the mechanism of cell death was investigated. The most thoroughly studied and well-understood mechanism is apoptosis, 79, 80 and indeed many DNA damaging agents are known to exert their cytotoxic effects via this pathway. [81] [82] [83] [84] Cells that have undergone apoptosis express phosphatidylserine residues on the cell surface, which can be detected by annexin V. Thus, the annexin V-propidium iodide (PI) dual staining flow cytometric assay (see Section S11 in the ESI † for further details) was used to probe apoptosis. This assay found negligible levels of early or delayed apoptosis in U2OS cells treated with 1 (+3.0 AE 1.1% and +3.0 AE 1.7% increase in early and late apoptosis respectively, relative to the untreated cells). Further immunoblotting analysis found that cells treated with 1 displayed no change in BAX expression (a well-known pro-apoptotic protein) and non-proteolytic cleavage of pro-caspase-3 (see Fig. S16 , ESI †). The addition of an apoptosis inducer, staurosporine, resulted in BAX up-regulation and pro-caspase-3 breakdown (see Fig. S17 , ESI †). Therefore the data suggest that cell death invoked by 1 occurs in a non-apoptotic manner.
After ruling out apoptosis, other modes of cell death were investigated. To this aim cytotoxicity assays were conducted in the presence of necrosis and autophagocytosis inhibitors (necrostatin-1 and 3-aminobenzamide for necrosis and chloroquine for autophagocytosis). U2OS cells were treated with the inhibitors using conditions previously reported 85 and the results are summarised in Fig. 6 . Chloroquine had little effect on toxicity exhibited by 1, hence autophagocytosis is unlikely. 3-Aminobenzamide and necrostatin-1 had more profound effects on cell death induced by 1 (2-fold and 4-fold increase in IC 50 value compared to the untreated control). Therefore cell death induced by 1 is likely to result from necrosis/necroptosis. Cells that have undergone necrosis are known to passively release HMGB1 86 (a chromatin component essential for cell survival 87 ). Remarkably, in apoptotic cells, HMGB1 remains tightly bound to the chromatin, therefore the presence of extracellular HMGB1 serves as a marker for necrosis. 88 U2OS cells were treated with toxic concentrations of 1 (50-200 mM) for 48 h and the extracellular media were probed for HMGB1 (see Methods section for detailed description). After treatment with 200 mM of 1, HMGB1 was clearly detected in the extracellular media, indicative of necrosis (see Fig. S17 , ESI †). This was comparable to HMGB1 released from necrotic cells (induced by heating to 56 1C for 30 min). Therefore the cytotoxicity profiles in the presence of different inhibitors and the HMGB1 secretion data suggest that 1 induces necrotic cell death.
Necrosis has conventionally been overlooked as a mode of cell death for anti-cancer therapy. However it is now widely 
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regarded as an ''ancestral mode of programmed cell death'' by many researchers in the cell death research community. 89 The discovery of 432 genes 90 and various proteins (in viruses) 91 associated to the induction of necrosis has proved that it is in fact a highly regulated process. [92] [93] [94] Necrosis results in the secretion of cytokines; therefore selective induction of necrosis in tumour cells can activate the immune system against tumours and improve the efficacy of anti-cancer agents. 95 As DNA damage is known to trigger necrosis, we believe that 1 acts in a controlled manner, where it induces genomic DNA damage which ultimately leads to necrosis.
Conclusions
In summary, we report the DNA binding properties of a novel platinum(II) complex (1) . The complex was found to interact with duplex DNA (with affinity in the order of 10 4 M À1 ) and bind to the minor groove of DNA (theoretical free energy of binding was À10.83 kcal mol À1 ). Longer term studies were used to demonstrate that DNA binding was not covalent. Cellular uptake studies demonstrated that the platinum complex was found to enter the nucleus, giving it access to genomic DNA. Complex 1 evoked a DNA damage response, giving rise to the accumulation of gH2AX, phosphorylated CHK2 and activation of p53, indicative of DNA damage. Compound 1 was found to have a promising cytotoxicity profile, displaying selective toxicity for cancerous cell lines (U2OS; IC 50 = 33 mM and SH-SY5Y; IC 50 = 52 mM) over the normal fibroblast cell line (GM05757; IC 50 = 130 mM). The complex also showed selective potency for proliferating compared to quiescent NIH 3T3 cells. These characteristics are appealing in terms of anti-cancer therapy. Prolonged treatment with 1 led to cell death, which could be largely blocked by co-treatment with necrosis/ necroptosis inhibitors. Taken together, our data indicate that groove binding platinum(II)-terpyridine complexes may be worth exploring as novel anti-cancer agents.
Experimental details
Synthesis of L 1 6,6 00 -Dibromo-2,2 0 :6 0 ,2 00 -terpyridine (50 mg, 0.12 mmol) and 1-(2-hydroxyethyl)piperidine (73 mg, 0.28 mmol) were slowly added to a stirred suspension of powdered KOH (36 mg, 0.64 mmol) in DMSO (5 mL (3 mL) was added dropwise and the resulting mixture was stirred for 15 h to yield a deep orange solution. The solution was then added dropwise to acetone (ca. 100 mL) and a yellow solid precipitated. The product was isolated by filtration and repeatedly washed with acetone. This solid was dissolved in the minimum amount of DMSO, to which an excess of NaPF 6 (as an aqueous solution) was added dropwise. The resultant yellow precipitate was isolated by filtration and washed repeatedly with water, methanol and diethyl ether. The yellow solid was dried under reduced pressure to yield the platinum complex (23 mg, 55%); 1 
Synthesis of 2
This compound was prepared as reported previously. 22 
Determination of DNA affinity by UV-Vis titration
The UV-Vis spectra were recorded on a Perkin Elmer Lambda 25 spectrometer. In order to determine the binding constants of complex 1 with ct-DNA, the complex (20 mM) was titrated with a concentrated solution of ct-DNA (2.78 mM) in 50 mM Tris-HCl (pH 7.4)/100 mM KCl buffer. A 1 cm path-length quartz cuvette was used to carry out the measurements. The binding constants were obtained by fitting the data to a reciprocal plot of D/De ap versus D using the following equation 
Fluorescent intercalator displacement (FID) assay
A 26 base pair self-complementary strand (5 0 -CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG-3 0 ) was used (from Eurogentec S.A.). The oligonucleotide was dissolved in Milli Q water to yield 20 mM stock solution. This was then diluted using 10 mM potassium cacodylate (pH 7.4)/50 mM potassium chloride (60 mM K + ) buffer to the appropriate concentrations. Prior to use in the FID assay, the DNA strand was annealed by heating to 95 1C for 5 min and then cooled down to room temperature overnight. Complex 1, thiazole orange (TO) dye and Hoechst dye were dissolved in DMSO to give 10 mM stock solutions of each. The corresponding solution was then diluted using 10 mM potassium cacodylate (pH 7.4)/50 mM potassium chloride (60 mM K + ) buffer to the appropriate concentrations.
Circular dichroism studies
Complex 1 was dissolved in DMSO to yield a 10 mM stock solution. This was then diluted using 50 mM Tris-HCl (pH 7.4) buffer to the appropriate concentrations. ct-DNA was dissolved directly in 50 mM Tris-HCl (pH 7.4) buffer. The CD spectra were recorded in a strain-free 10 mm Â 2 mm rectangular cell path length cuvette. The data were obtained on an Applied Photophysics Ltd. Chirascan spectrometer. The CD spectra were measured in the wavelength region of 180-700 nm with the following parameters: bandwidth, 1 nm; spectral range, 230-360 nm; step-size, 0.5 nm; time-pep-point, 1.5 s. The CD spectra were collected and analysed using the Chirascan and Chirascan Viewer software respectively. CD studies were done for ct-DNA with and without varying amounts of 1 (1: base pair = 0.5 and 1) in Tris-HCl buffer.
Agarose gel electrophoresis
Plasmid DNA (pUC19) was purchased from Sigma Aldrich. A DNA stock solution of 453 mg mL À1 in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA storage buffer was prepared. The DNA binding of 1 was determined by monitoring the conversion of supercoiled plasmid DNA (form I) to nicked circular DNA (form II) and/or linear DNA (form III) using agarose gel electrophoresis. Solutions containing 256 ng (30 mM) of DNA and 0, 10, 20, 50, 100 and 200 mM of 1 with a total reaction volume of 15 mL were incubated at 37 1C for 24 h. After the time period stated, loading buffer (5 mL, containing 0.25% bromophenol blue, 0.25% xylene cyanol and 60% glycerol) was added and reaction mixtures were immediately loaded onto 1% agarose gels containing 1.0 mg mL À1 of ethidium bromide. The DNA fragments were separated by applying 40 V for 1 h in Tris-acetate EDTA (TAE) buffer. The DNA bands were analysed under UV light using the Fujifilm Image Reader LAS-3000.
Cytotoxicity MTS assay
Cells (5 Â 10 4 for U2OS, 5 Â 10 4 for HEK 293T, 1 Â 10 4 for GM05757, 5 Â 10 4 for SH-SY5Y, 2 Â 10 4 for NIH 3T3) were seeded in each well of a 96-well plate. After incubating the cells overnight, various concentrations of 1 (0.2-500 mM) were added and incubated for 24 h (total volume 100 mL). For the mode of death determination assays, the necrosis and autophagocytosis inhibitors, necrostatin-1 (60 mM), 3-aminobenzamide (2 mM) or chloroquine (10 mM) were added to the cells and incubated for 1 or 6 h prior to treatment with 1. The test compound was prepared as a 10 mM solution in DMSO and diluted further using DMSO. The final concentration of DMSO in each well was 4% (this concentration of DMSO was used at the untreated control). Cisplatin was prepared as a 10 mM solution in PBS : DMSO, 5 : 1 and diluted further using PBS. After the incubation period, 20 mL of the MTS solution (made up of 2 mg mL À1 MTS reagent + 100 mL of PMS 0.96 mg mL À1 ) was added to each well. The mixture was incubated for a further 1.5-4 h at 37 1C. After this time, an ELISA reader was used to record the absorption at 490 nm and the IC 50 values were determined using the conventional method. IC 50 values were calculated from the following equation: Abs IC 50 = (Abs IC 0 + Abs IC 100 )/2, where IC 0 is the mean absorption at 490 nm of the media only and IC 100 is the mean absorption at 490 nm of the cells only.
Then the X-axis intercept of the dose-response curve at Abs IC 50 (determined by the above equation) was considered as the IC 50 value for each test compound. The dose-response curve is a plot of absorption at 490 nm (y-axis) and the concentration of test compound exposed to the cells (x-axis). Prior to plotting the curve the background absorption (due to the reaction of the test compound and MTS reagents) was subtracted from the absorption values obtained from the cells that had been incubated with the compounds.
Cellular uptake studies
To measure the cellular uptake of 1, ca. 2 million U2OS, HEK 293T, GM05757, SH-SY5Y and NIH 3T3 (proliferating and nonproliferating conditions) cells were treated with 10 mM of the complex at 37 1C for 24 h. Then the media were removed, the cells were washed with PBS solution (Â3), harvested and centrifuged. The cellular pellet was suspended in an appropriate volume of PBS to obtain a homogeneous cell suspension. The suspension was divided in two. One part was used to analyse the metal content in the whole cell and the other was used for the cytoplasmic and nucleus analysis. The Thermo Scientific NE-PER Nuclear and Cytoplasmic Extraction Kit was used to extract the separate cytoplasmic and nuclear fractions. From each of the fractions, aliquots were removed for protein determination using the Bradford assay (carried out according to the instructions of the manufacturer: Sigma Aldrich, microwell plate protocol). The remaining cell suspension was mineralized with 65% HNO 3 and then completely dried at 120 1C. The solid extracts were re-dissolved in 2% HNO 3 and analysed using ICP-MS. Cellular metal levels were expressed as ng Pt per mg protein. Results are presented as the mean of 4 or 5 determinations for each data point. The fraction of the administered complexes that were taken up by the cells was calculated by dividing the amount of complex detected in the whole cell, cytoplasm and nucleus (i.e. the raw measurement in ng) by the total mass of metal corresponding to the concentration administered for each complex (10 mM converted to ng). The fractions were normalised so that all treated cells were accounted. The percentage of the administered complexes that were taken up by the cells was then determined by multiplying the normalised fractions by 100.
Flow cytometry studies
In order to monitor the cell cycle, flow cytometry studies were carried out. U2OS cells were incubated with and without 10 mM 1 for 24 h at 37 1C. Studies on NIH 3T3 cells under normal and starved (proliferating and non-proliferating) conditions were also carried out. Cells were harvested from adherent cultures by 
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trypsinization and combined with all detached cells from the incubation medium to assess the total cell viability. Following centrifugation at 1000 rpm for 5 min, cells were washed with PBS and then fixed with 70% ethanol in PBS. Fixed cells were collected by centrifugation at 2500 rpm for 3 min, washed with PBS and centrifuged as before. Cellular pellets were re-suspended in 50 mg mL À1 propidium iodide (Calbiochem) in PBS for nucleic acids staining and treated with 100 mg mL À1 RNaseA (Sigma). DNA content was measured on a FACSCalibur flow cytometer (BD Biosciences) using laser excitation at 488 nm and 10 000 events per sample were acquired. Cell cycle profiles were analysed using the FlowJo software (Tree Star). For the annexin V experiments, the Invitrogen FITC Annexin V/Dead Cell Apoptosis Kit was used. The manufacturer's protocol was followed to carry out this experiment. Briefly, untreated and treated cells (1 Â 10 5 ) were suspended in binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4), then 5 mL FITC annexin V and 1 mL PI (100 mg mL À1 ) were added to each sample and incubated at room temperature for 15 min., after which more binding buffer (400 mL) was added while mixing gently. The samples were kept on ice prior to being read on the FACSCalibur flow cytometer (BD Biosciences) using laser excitation at 488 nm (10 000 events per sample were acquired). Cell cycle profiles were analysed using the FlowJo software (Tree Star).
Immunoblot analysis
For protein analysis by immunoblotting, U2OS cells (5 Â 10 5 cells) were incubated with the indicated concentrations of 1 for 24 h at 37 1C. Cells were washed with PBS, scraped into SDS-PAGE loading buffer (64 mM Tris-HCl (pH 6.8)/9.6% glycerol/2% SDS/5% b-mercaptoethanol/0.01% bromophenol blue) and incubated at 95 1C for 10 min. Whole cell lysates were resolved by 12% sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE; 200 V for 1 h), followed by electron transfer to nitrocellulose membrane (400 mA for 1 h). Membranes were blocked in 5% (w/v) non-fat milk in PBST (PBS/0.1% Tween 20) and incubated with one of the following primary antibodies: anti-p53 (DO-1, Santa Cruz), anti-p21 (C-19, Santa Cruz), anti-Chk2 (2662, Cell Signalling Technology), anti-phospho-Chk2 (2661, Cell Signalling Technology), anti-BAX (P-19, Santa Cruz), anti-caspase-3 (E-8, Santa Cruz), anticyclin D1 (A-12, Santa Cruz), anti-phospho-Histone H2A.X (2577, Cell Signalling Technology) and anti-a-tubulin (TAT-1, Cancer Research UK). After incubation with horseradish peroxidaseconjugated secondary antibodies, immune complexes were detected with the ECL detection reagent (Millipore) and analysed using the Fujifilm Image Reader LAS-3000.
Extraction of HMGB1 released into culture media U2OS cells (1 Â 10 6 cells) were incubated with 1 (50-200 mM) for 48 h at 37 1C to induce cell death. As a positive control, necrosis was induced by heating cells at 56 1C for 30 min, followed by incubation at 37 1C for an additional 1 h. The protein contained within the culture media was precipitated. Protein precipitation was carried out by adding methanol (4Â volume), chloroform (1Â) and ddH 2 O (3Â), vortexing and then centrifugation at 5000 rpm for 2 min. The aqueous layer was removed and more methanol (4Â volume) was added. Following mixing and centrifugation as before, the methanol was removed. The resultant protein precipitate was air dried, dissolved in SDS-PAGE loading buffer (64 mM Tris-HCl (pH 6.8)/9.6% glycerol/ 2% SDS/5% b-mercaptoethanol/0.01% bromophenol blue) and incubated at 95 1C for 10 min. The HMGB1 content was probed by immunoblotting analysis as described above. The anti-HMGB1 anti-body (3935, Cell Signalling Technology) was used in this experiment.
